Abstract: Using transmission electronic microscopy and mass spectrometry electron-dense thylakoids of chloroplasts of Stevia rebaudiana leaves during active vegetable growth of this plant were studied in relation to the biosynthesis of diterpenoid glycosides (DGs). It was found that these compounds are absent in these thylakoids, but they contain a water-insoluble weakly polar ent-kauren, a known biosynthetic precursor of DGs as well as gibberellins. This finding provides a base for the suggestion that similar, electron-dense, thylakoids were observed earlier by other authors in other plant species. These data allowed us to conclude that an intensive biosynthesis of ent-kauren is likely related to adaptation of the short-day plants including Stevia rebaudiana to vegetable growth under the long day conditions.
Introduction
As far back as in late 1960s, in the course of studies of chloroplast ultrastructure in some plant species a number of researchers could observe unusual, electrondense thylakoids by using of transmission electron microscopy (Stetler & Laetsch 1969; Van Steveninck & Van Steveninck 1980a; Semenova 1985; Semenova 2005) . At the same time, performed cytochemical analysis of the content of these thylakoids did not reveal that electron-dense substance in them is represented by compounds such as proteins, lipids or polysaccharides (Van Steveninck & Van Steveninck 1980b) . Despite many experimental efforts made in this direction in order to elucidate a nature of this substance, this problem has still remained to be unresolved. Because of absence of any suggestions about a nature of this substance, its identification in a complex composition of the thylakoid interior has been a difficult enough experimental task until now.
Later on, Danilova & Kashina (1999) showed that the electron-dense thylakoids appear in oil perilla (Perilla ocymoides, Lamiaceae) upon continuous illumination, while in the case of short day only usual, electrontransparent thylakoids are observed. It is known that stevia (Stevia rebaudiana Bertoni, Asteraceae), an endemic of Paraguay (Soejarto 2002) , is also a short-day plant that is characterized by a critique length of day for its flowering, 12-14 h (Zaidan et al. 1980; Chalapathi 1997; Brandle et al. 1998) . Under the conditions of long day, this plant appears to strongly vegetate but not to transit to flowering (Metivier & Viana 1979) . In our previous works, it was shown that namely during such period leaves of stevia contain electron-dense chloroplasts (Sukhanova et al. 2007; Ladygin et al. 2008; Bondarev et al. 2010 ). In addition, under the same conditions the content of diterpenoid glycosides (DGs) in stevia leaves was considerably higher than that of the flowering plants grown under the conditions of a short day, when similar thylakoids were absent (Bondarev et al. 2004) . It needs to be noted in this connection, that the electron-dense thylakoids were not detected by us for the stevia plants grown in vitro (Sukhanova et al. 2007; Ladygin et al. 2008) , leaves of which contained DGs almost ten times lower than those of intact plants (Bondarev et al. 2001 Ladygin et al. 2008 ).
At present, it is known that diterpenoids are synthesized in plastids using the alternative, methylerytrophosphate (MEP) pathway that is used for the biosynthesis of hemi-, mono-and also tetra-terpenoids as well (Lichtenthaler et al. 1997; Lichtenthaler 1998; Rohmer 1999; Davis & Croteau 2000) . In addition, Totte et al. (2000) with the use of [1-
13 C]-glucose showed that the precursor of steviol is synthesized using the MEP pathway. Earlier, we showed that accumulation of DGs occurs largely in green parts of the plant, first of all in leaves and also envelope leaves and stems (Bondarev et al. 2004) . These findings may argue in favour of that the initial steps of the biosynthesis of DGs take place in chloroplasts, and this important circumstance was noted earlier in our previous works (Bondarev et al. 2001 (Bondarev et al. , 2010 Sukhanova et al. 2007; Ladygin et al. 2008) .
In view of revealed high positive correlation between the presence of the modified thylakoids and the content of DGs in stevia leaves we put forward the hypothesis that the electron-dense thylakoids are site of intensive biosynthesis of precursors of DGs. In this connection, a purpose of this work was to elucidate with the use of the methods of transmission electronic microscopy and mass spectrometry whether the electrondense thylakoids of Stevia rebaudiana Bertoni participate in the biosynthesis of diterpenoids.
Material and methods

Chemicals and reagents
Standard samples of the DGs were purchased from Arbuzov Institute of Organic and Physical Chemistry (Russian Academy of Sciences, Kazan). Standard samples of kaurenoids (ent-kauren, ent-kaurenol, ent-kaurenal and entkaurenoic acid) were kindly provided by Prof. Lew Mander and Dr. Tomonobu Toyomasu. Transmission electronic microscopy The plant material was prepared for transmission electronic microscopy as described previously (Bondarev et al. 2010 ).
Plant material and growth conditions
Isolation of thylakoids
For testing the electron-dense thylakoids of stevia, leaves of this plant were used. The latter (100 g) were homogenized in buffer A containing 0.33 M sorbitol, 50 mM tricin, pH 8.0, 2 mM EDTA and 5 mM β-mercaptoethanol. The homogenate obtained was filtered through one layer of gauze and two layers of Miracloth (Calbiochem-Behring, USA) and then centrifuged. Sediment of the organelles was suspended in buffer A and then fractioned on 40%/70% step density gradient of percoll by centrifugation at 4000×g for 30 min. Intact chloroplasts were collected at 40%/70% interface, washed with buffer A, deposited and suspended in the same buffer. The chloroplasts isolated were lysed by subjecting them to hypotonic shock, and the thylakoids released were deposited by centrifugation. The content of thylakoids after destruction of their membranes was tested by the mass spectrometry method.
Analysis of substances isolated from the plant material was performed by using matrix-assisted laser desorption/ionization (MALDI), mass-spectrometry with employment of the method of electrospray ionization (ESI) and also gas chromatography-mass-spectrometry (GC/MS).
MALDI
Investigation was conducted by the method of MALDI-TOF (matrix-assisted laser desorption/ionization time-of-flight) mass spectrometry on device REFLEX IV (Bruker, Germany). Mass-spectrum was obtained in the linear mode of registering both positive and negative ions using the following matrixes: α-cyano-4-hydroxycinnamic acid, 6-aza-2-thiothymine, 2,4,6-trihydroxy acetophenone and 2-amino-4-methyl-5-nitropyridine and N2-laser, 337 nm, 20 kV.
Mass spectrometry based on ESI and GC/MS
Registering a mass spectrum in the case of ionization of analyte by the electro-spraying method was conducted at atmosphere pressure in the mode of complete scanning masses of positive ions on tandem dynamic mass spectrometer Finnigan LCQ Advantage (USA) equipped by mass analyzer with octopole ion scavenger, pump MS Surveyor, auto-sampler Surveyor and nitrogen generator Schmidlin-Lab (Germany). Temperature of transfer capillary was 150
• C, voltage of field between needle and counter-electrode was 4.5 kV. The samples at concentration of 10 −4 M in solution of acetonitryl were introduced into ion source on the side of syringe inlet at flow rate of 50 µL/min through injector Reodyne equipped by a loop by 20 µL. Collection and analysis of the data obtained were conducted with the use of X Calibur program (version 1.3) of Finnigan (USA). We could used only strong trifluoroacetic acid as an additive to the analyte to prepare a protonated form of the compound analyzed.
The chromatography-mass-spectrometric investigation was performed on device Agilent Technologies composed of gas chromatograph 7890 (column HP-5, 50 m × 320 µm × 1.05 µm) and mass-selective detector 5975C with quadrupole mass analyzer.
The following program of temperature variation was used: holding temperature at 40
• C for 2 min, further a program heating up to 250
• C at the rate of 5 • C/min followed by holding temperature at the same value for 15 min, further a program heating up to 320
• C at the rate of 25
• C followed by holding temperature at 320
• C for 5 min. Further, an analyzed sample of 1 µL was introduced. An injector used was characterized by division of flow upon relationship of 1:50, and its temperature was 250
• C, while that of the interface was 280
• C. Helium was used as a gas carrier, and a flow rate was 1 mL/min. Chromatogram of samples was registered by complete ion current. ChemStation E 02.00 was used for the program equipment.
For electron ionization (EI), energy of EI was 70 eV; registering mass spectra in positive ions in range from 20 to 450 m/z conducted at the rate of 2.5 scan/s.
Identification of component composition (qualitative analysis) of the samples was performed by using a library of complete mass spectra NIST-05 and corresponding values of chromatographic line retardation indices. 
Results
By using transmission electron microscopy it was found that chloroplasts of leaf parenchyma cells of stevia plants are characterized by well developed membrane system represented by stroma thylakoids and thylakoid grana having 3-10 thylakoids (Fig. 1) . Here, sometimes macrograna including up to 20 thylakoids are observed. In the chloroplast stroma small individual plastoglobules and 1-2 starch grains are revealed. All intrathylakoid space of stevia chloroplasts is filled by electron-dense substance. The latter by its chemical composition was found to be not identical to the content of plastoglobules, and this circumstance is confirmed by the following observation. Upon fixation of leaves by using only glutaraldehyde without osmium in the course of their preparation for electron microscopy an empty space is formed at the site of plastoglobules as a result of extraction of their content, whereas the content of thylakoids upon using this extraction method is maintained electron-dense (Bondarev et al. 2010) . In this connection, the electron-dense thylakoids from stevia leave chloroplasts after their investigation by electron microscopy were isolated by using the technique described in the Materials and methods section for its employment for the mass-spectrometric study of their content.
By means of mass spectrometry with use of the MALDI method it was established that both DGs and steviol, their aglycone, are absent in the content of the electron-dense thylakoids of stevia (Fig. 2a,b,c) . It should be noted that we did not detect any reliable presence in them of kaurenoids such as ent-kaurenol, entkaurenal and ent-kaurenoic acid. However, in the mass spectrum of the sample under study that was obtained upon ionization of analyte by the method of electrospraying and with addition of trifluoroacetic acid to the substance isolated from native plant material a peak of protonated molecular ion MH + (m/z 273) was revealed indicating the presence of ent-kauren (M r ≈ 272) (Fig. 3) .
Subsequent analysis of samples from the electrondense thylakoids was carried out with the use of the method of GS/MS. In the course of chromatography of the native sample under study signals of typical fragmental ions of ent-kauren were detected in the observed mass spectrum that corresponded to the chromatographic peak revealed with the retardation time coinciding with that of standard sample of the given compound (62, 19) . In addition, a relationship of intensities of ion peaks upon fragmentation of the sample under study from native plant material was well correlated with that of intensities of corresponding peaks of the fragmental ions in mass spectra of ent-kauren taken from the data base NIST-05 and standard samples.
All these data, taken together, allow us to conclude that the above findings provide evidence for the presence of ent-kauren in the content of the electron-dense thylakoids of stevia. Danilova & Kashina (1999) in their monograph put forward the hypothesis that the revealed dimorphism of thylakoids of perilla chloroplasts (electron-transparent thylakoids represent usual, regular type, while electrondense ones represent a changed, modified type) is a structural base for participation of the latter in the light reactions of photo-periodism. At the same time, however, these authors did not consider the possibility that the content of the electron-dense thylakoids could contain the compounds belonging to biosynthetic precursors of isoprenoids, such as diterpenoids.
Discussion
Using the methods of mass spectrometry we had detected in thylakoids of stevia a water-insoluble entkauren representing itself precursor of DGs. It could not exclude the possibility that these results can be extended to other plant species as well where the same, electron-dense thylakoids were detected. In this case, ent-kauren may also serve as precursor of other diterpenoids, such as gibberellins. It is known that gibberellins are predominantly synthesized through the MEP pathway (Kasahara et al. 2002) .
Based on the results obtained, it can be concluded that the biosynthesis of ent-kauren occurs on the thylakoid membranes. After its biosynthesis this compound possessing low enough polarity and high affinity to lipid membrane phase releases from plastid and then by transmembrane diffusion enters into the non-granal endoplasmic reticulum. Further biosynthesis of DGs occurs likely inside this organelle if to take into account our results obtained with use of transmission electron microscopy (Sukhanova et al. 2007) . In this point, however, the pathways of biosynthesis of DGs and gibberellins are separated (Kim et al. 1996) .
There are some bases to think that an intensive biosynthesis of ent-kauren is in a certain manner related to adaptation of short-day plants including stevia and perilla as well to their growth under the long day conditions. As recently shown by Stoyanova et al. (2011) , DGs possess strong antioxidant properties capable thanks to the latter of preventing development of photooxidative damages of the plants under stress conditions.
In addition, ent-kauren may be actively synthesized in some plants during initiation of the flowering phase because in these the electron-dense thylakoids were detected as well (Semenova 1985 (Semenova , 2005 . In this connection, it is interesting to note that in these plants the content in their leaves of both DGs and gibberellins increases during ontogenesis entirely up to the flowering phase and then markedly drops (Bondarev et al. 2004; Yakushkina & Bachtenko 2004) .
Processes of the biosynthesis of DGs and gibberellins are in close interrelation and can exhibit a mutual influence, because it is known that gibberellins participate in the regulation of growth and development of plants including formation of generative organs and flowering.
In conclusion, it needs to be noted that the presence of ent-kauren in stevia thylakoids may serve as the base for detail studies of compartmentalization of the biosynthesis of diterpenoids in plant cells.
